A recently-developed method for identifying a compact, contiguous region representing the unique part of a density map was applied to 218 cryo-EM maps with resolutions of 4.5 Å or better. The key elements of the segmentation procedure are (1) identification of all regions of density above a threshold and (2) choice of a unique set of these regions, taking symmetry into consideration, that maximize connectivity and compactness. This segmentation approach was then combined with tools for automated map sharpening and model-building to generate models for the 12 maps in the 2016 cryo-EM model challenge in a fully automated manner. The resulting models have completeness from 24% to 82% and rms differences from reference interpretations of 0.6 Å to 2.1 Å.
Introduction
In the 2016 Cryo-EM Modeling Challenge (see http://challenges.emdatabank.org/?q=model_challenge; accessed 2017-11-19), a total of 12 maps were supplied to contestants along with reconstruction symmetry and the sequences of the molecules present. One of the goals of the Challenge was to fully interpret such a map given only the map, the symmetry and the sequence information. There are a number of tools being developed by several groups for automated interpretation of cryo-EM maps (DiMaio and Chiu, 2016) . These include methods for identification of secondary structure (Jiang et al., 2001; Kong and Ma, 2003; Kong et al., 2004; Baker, Ju and Chiu, 2007) , methods for combination of structure-modeling tools such as Rosetta with cryo-EM model-building (Lindert et al., 2012; Wang et al., 2015; Frenz et al., 2017) , semi-automated tools for full map interpretation (Baker et al., 2011) , and automated tools based on chain-tracing (Chen et al., 2016; Collins and Si, 2017) and template-matching approaches (Zhou, Wang and Wang, 2017) .
Prior to the 2016 cryo-EM Model Challenge, we had begun development of software for automatic map sharpening (phenix.auto_sharpen; Terwilliger et al., 2018a) and interpretation of density in cryo-EM maps (phenix.map_to_model; Terwilliger et al., 2018b) as part of the Phenix software package (Adams et al, 2010) . It was possible in principle to apply these tools directly to the 2016 Challenge, interpreting an entire map and ignoring the symmetry of the map. It seemed however that it would be more efficient to identify a unique part of map that contained a complete molecule, to interpret that part of the map, and then to expand the result using the symmetry in the map to represent the entire map. Powerful tools existed for map segmentation (e.g., Volkmann, 2002; Baker, Chiu and Bajaj, 2006; Yu and Bajaj, 2008; Pintilie et al., 2010) , but we wanted to be able to integrate the segmentation and symmetry analysis with automated model-building so that information from model-building could be used to make the final choice of the regions of density representing a single molecular unit. We therefore developed a new Phenix tool, segment_and_split_map (Terwilliger et al., 2018b) which could be used for this purpose. Here we describe the application of segment_and_split_map to a set of 218 cryo-EM maps selected to generally represent the unique currently-available cryo-EM maps with resolution of 4.5 Å or better. We then describe map segmentation, sharpening, and model-building (Terwilliger et al., 2018b) applied to the 12 cryo-EM maps in the 2016 Cryo-EM Model Challenge.
Methods

Summary of map segmentation
The main goal of our segmentation procedure is to identify the density in a map that corresponds to the unique part of that map. A secondary goal is to choose this density in such a way that it corresponds as closely as possible to the unique biological unit in the map. Our overall approach to map segmentation is (1) to identify all regions of density above an automatically-determined threshold, and (2) to choose a unique set of density regions that maximizes connectivity and compactness, taking into account the symmetry that is present. By default, the process repeated with a new threshold after removing the density that has been used in the first iteration.The details of this segmentation procedure have recently been described (Terwilliger et al., 2018b) .
Symmetry present in a map
We identified symmetry relationships that were applied during map reconstruction to a using a simplified version of approaches described by Zhang et al., (2012) . In many cases the symmetry applied during reconstruction is specified in the EM Data Bank (EMDB; Lawson et al., 2016 ; as for example "I" for icosahedral reconstructions, "C6" for a 6-fold symmetry axis). In others, the symmetry is specified in meta-data associated with the deposited model in the Protein Data Bank (PDB; Bernstein et al., 1977; Berman et al., 2000) . In still others, the model deposited in the PDB contains symmetry-related copies which we extracted with the Phenix tool phenix.simple_ncs_from_pdb. If present, we used symmetry from the deposited models and their meta-data, and if not, we used the information from the EMDB or literature specified in the deposition and the assumption that principal symmetry axes (i.e., screw axes, rotational axes) are generally along the principal axes of the reconstruction to find reconstruction symmetry in the density maps.
Map-model correlations
We calculated map-model correlations using the Phenix tool map_model_cc. This tool identifies the region occupied by the model as all grid points in the target map within a specified distance (typically 3 Å) of an atom in the model. Then it generates a model-based map on the same grid based on the model and calculates the correlation of density values between the target map and the model-based map inside the region occupied by the model.
Data used for map segmentation
We selected a group of 218 cryo-EM maps to test our segmentation algorithms. We started with 492 maps we could extract from the EMDB in August of 2017 with simple Phenix tools and that were reconstructed at resolutions of 4.5 Å or better. We excluded 91 maps where the resolution in the EMDB and PDB differed by 0.2 Å or more or was not reported, 24 maps where the map-model correlation was less than 0.3, and 16 maps for which the signal-to-noise in map sharpening (Terwilliger et al., 2018a) was less than 3. We then removed map-model pairs that were largely duplications by clustering based on sequence identity using a cutoff of 95% identity and choosing the highest-resolution representative of each group. Four of the maps in this set were associated with two models, so one map-model pair was set aside for each of these, yielding 218 map-model pairs that were analyzed in this work.
Evaluating the results of map segmentation by calculation of fraction of molecular unit within the segmented region
We estimated the fraction of the molecular unit within the segmented region of a map from a comparison of map-model correlations. Our method is related to the cross-correlation variation metric described by Zhang et al. (2012) but it is extended to make an estimate of the fraction of the molecular unit that matches the segmented map. The segmented map has values of zero everywhere outside the segmented region of the map. The overall idea is that if the segmented region contains a complete molecular unit, then the map-model correlation between one complete molecular unit and the segmented map will be the same as the mapmodel correlation with the original map. On the other hand, if the segmented region contains part of one molecular unit and parts of symmetry-related ones, then the map-model correlation between one intact molecular unit and the segmented map will be lower than the correlation to the original map. We use this difference in map correlation to estimate the fraction of a complete molecule that is within the segmented region.
We first calculated the map-model correlation between the original map and a map calculated from single molecular unit extracted from the deposited model of the structure. Then we calculated the map-model correlation between the segmented map and a single molecular unit. The square of the ratio of these correlations is (see below) approximately equal to the fraction of the molecular volume that is within the segmented map. The single molecular unit to compare with the map was chosen to be a set of chains representing the unique part of the deposited model. In cases with symmetry, each symmetry-related choice of molecular unit was considered and the one with the highest map-model correlation was chosen.
The relationship between the map-model correlation for a single molecular unit and the original map compared to the correlation for a molecular unit and a segmented map can be calculated in a straightforward fashion with one assumption. This assumption is that the local map-model correlation for the original map and this single molecular unit is approximately the same everywhere in the region of the model. With this assumption, we can readily calculate the effect of setting all but a fraction f of the map density in the region of the model to zero. This corresponds to calculating the map-model correlation of the segmented map to one full molecular unit, where a fraction f of the molecular unit is present in the segmented map.
The correlation coefficient CC between two maps with density values represented by D 1 and D 2 can be written (after adjusting each map to set the mean density for each to zero so that < D 1 > = < D 2 > =0) as,
where the calculation in this case is carried out over all the grid points near the model. Now suppose we create a new map D 1 ' in which we set D 1 to zero at a fraction (1-f ) of these grid points. Referencing Eq. (1), this means that the values of D 1 'D 2 and D 1 ' 2 will be zero at all these grid points, but D 2 2 will be the same. Assuming then that the values of < D 1 D 2 >, <D 1 2 >, and <D 2 2 > are approximately the same everywhere near the model, we can write that the mapmodel correlation for the segmented map (CC') with all but (1-f ) of the map set to zero is related to the map-model correlation for the original map (CC) by,
so that f, the fraction inside the mask, is approximately given by f = CC' 2 /CC 2 .
Data used from the Cryo-EM Model Challenge
The maps and reconstruction symmetry used for the 12 cryo-EM maps in the 2016 Cryo-EM Model Challenge were taken from the Model Challenge site at http://challenges.emdatabank.org/?q=model_challenge (accessed 2017-11-19) . The Challenge consisted of 8 unique molecules, four of which were associated with two maps at different resolutions, leading to 12 different maps (Table I) . Of these maps, most were associated with previously-deposited models that were likely to be more accurate than the ones we built automatically and that were therefore suitable for use as references for the accuracy of our models. For one additional map (groEL, EMDB entry 6422) there was no deposited model, however there is a model for a related structure in the PDB (1ss8) which we offset superimposed on this map and used as a reference. One final structure was recently interpreted (the proteasome structure; Veesler, D., unpublished) and we used that structure as a reference model. We checked the map-model agreement with phenix.map_model_cc and these map-model correlations ranged from 0.34 (rather low, supporting only low confidence in the model), to 0.85, suggesting that the model is in good agreement with the map.
Results and Discussion Fig. 1 illustrates the application of our map segmentation procedure (Terwilliger et al., 2018b ) to the 2.9 Å cryo-EM reconstruction of the anthrax protective antigen pore (Jiang et al., 2015) . The map has C7 symmetry (a 7-fold symmetry axis). Fig. 1A shows the 7-fold symmetry of the pore and illustrates one of the 7 chains in purple. Fig. 1B shows the density map with 7-fold symmetry. It can be seen that the density is much stronger for the extracellular of the molecule than for the transmembrane part below. The 7-fold symmetry was used along with the map to identify symmetry-related regions of density in the map. Then a compact and connected unique set of density regions was chosen to represent the molecule. Fig. 1C shows the individual segmented regions of the map, and Fig. 1D shows the segmented region, augmented by neighboring regions of density.
We then applied our segmentation procedure to a large set of cryo-EM maps from the EMDB (Fig. 2) . As expected, using the reconstruction symmetry of the maps in segmentation often resulted in a very large reduction in the volume that needed to be considered to include the unique part of each map ( Fig. 2A) . The average volume after segmentation and placing the unique segmented region in a new box was 8% of the starting volume of the maps. In most (206 of 218) of the cases illustrated in Fig. 2 we used the add_neighbors procedure to add a layer of regions around the unique molecular volume in order to increase the chance of finding a complete molecule. The 12 cases where this was not done were those where the map was very large and we attempted to keep the size of the region to be worked on to the minimum possible. Fig. 2B illustrates the fraction of the unique molecular unit that is within the unique segmented region used for each map in Fig. 2A . This fraction of the molecule contained within the segmented region is estimated from the map-model correlation between the molecule and a map which is set to zero everywhere outside the segmented region, normalized to the mapmodel correlation without setting any of the map to zero. If the molecule is within the segmented region this normalized correlation will be unity, while if the molecule is split between different segmented regions it will be smaller. As shown in Fig 2B, the fraction within a single segmented region varies considerably among the 218 maps analyzed here, but the mean fraction was 0.72, indicating that typically a large fraction, but not all, of the molecular unit was contained within the segmented region.
We applied the combination of map sharpening, segmentation, and model-building as implemented in the Phenix tool map_to_model (Terwilliger et al., 2018b) to the 12 maps in the 2016 cryo-EM Challenge. The maps and corresponding reference models are listed in Table I along with the CPU hours required for the analysis, which ranged from 7 to 422 hours. Table II lists the number of residues that were built with C a or P atoms within 3 Å of the corresponding atoms in the reference model by the map_to_model procedure, along with the fraction of the reference model represented by the model that was built and the fraction of residues that were assigned the correct residue identity. The number of residues built more than 3 Å from any residue in the reference model is also listed.
Overall, from 35% to 82% of the protein portions of the 12 structures were built within 3 Å of the corresponding reference models. For the two RNA structures, 24% and 54% of the RNA portions were built within 3 Å of the corresponding reference models. From 5% to 75% of the protein and RNA sequences were correctly assigned. For the non-ribosome structures, only a small proportion of the models built did not correspond at all to the deposited models. On the other hand, for the ribosome structures, a large fraction (over half for the 3.6 Å map) of the protein residues built did not correspond to the deposited models. Most of these incorrectlybuilt residues are located in regions that are RNA in the deposited models (recently we have developed a tool, phenix.remove_poor_fragments that can remove some of these incorrectlybuilt residues, but it was not available at the time of this work, TT, OS, PDA and PVA, unpublished). The models built by phenix.map_to_model have rms differences from reference interpretations of 0.6 Å to 2.1 Å.
The procedures developed here for map segmentation could be applied automatically to all of the 218 maps that we examined in the tests shown in Fig. 2 . Further, all 12 of the maps in the 2016 Cryo-EM Model Challenge could be automatically sharpened, segmented and partially interpreted by the phenix.map_to_model procedure. It seems likely that combining the techniques developed here with other approaches for automatic model-building might lead to procedures that can automatically interpret an even larger part of cryo-EM maps. 
